Introduction {#sec1}
============

Biomembranes contain various types of lipids characterized by subtle physicochemical differences. As a result, the lipids can self-organize into nonrandom lateral states, e.g. raft microdomains, within membrane bilayers.^[@ref1]−[@ref4]^ Elucidation of the lipid structural features of lipids that regulate their lateral distributional tendencies in biomembranes has relied on model membranes, i.e., bilayer vesicles and monolayer films, where adjustments and control of lipid compositions are relatively straightforward. When the lipids contain fluorophore tracking probes, imaging by epifluorescence microscopy provides direct insights into lipid lateral organization at the micrometer level.^[@ref5],[@ref6]^ This resolution enables visualization of lipid domains but inherently constrains and limits detection of microdomains. This challenge has been largely overcome by using Förster resonance energy transfer (FRET) and fluorophore quenching as well as new super-resolution fluorescence imaging approaches.^[@ref7],[@ref8]^ However, technical challenges and high costs have limited application to lipid monolayers despite inherent advantages that include lipid matrix stability over broad ranges of lipid mixing compositions and phase states.^[@ref9]−[@ref13]^ This experimental flexibility is poorly duplicated in bilayer model membranes where changes in lipid composition can manifest as altered mesomorphic structure of the lipid aggregate. Lipid monolayers also display almost all physical features associated with lipid bilayers^[@ref9]−[@ref12]^ including the liquid-ordered phase.^[@ref14]^

In monolayers, lipid domain visualization often requires low surface pressures that result in packing conditions atypical of biomembranes. To facilitate detection of nanoscale changes in lipid packing associated with microdomain organization in lipid monolayers under biomembrane-like packing conditions, i.e. high surface pressures, we developed a monolayer platform that monitors changes in surface fluorescence by acquiring multiple spectra during measurement of a lipid force--area isotherm.^[@ref15],[@ref16]^ By taking advantage of the concentration-dependent emission changes of 4,4-difluoro-4-bora-3a,4a-diaza-*s*-indacene (BODIPY), we could detect alterations in lipid packing density induced by lateral compression (at constant probe mole fraction) or by variation of the lipid fluorophore mole fraction in a fluid POPC monolayer, even when classic analyses of force--area isotherms indicated no deviation from ideal mixing behavior. For the study, we synthesized BODIPY containing four symmetrically located methyl substituents on an indacene ring omega-linked by ring position 8 to a fatty acid which then was used to reacylate lyso-PC.^[@ref17]^ The net effect of these synthetic changes to BODIPY is to enhance fluorophore embedding among the lipid hydrocarbon chains and lessen fluorophore looping toward the membrane surface, as has been reported for NBD and dimethyl-BODIPY (ref ([@ref16]) and references therein). With Me~4~-BODIPY-8-PC, high surface concentrations produce emission peak broadening rather than a distinct, long-wavelength, excited-state, dimer peak (e.g., dimethyl-BODIPY).^[@ref16]^ Principal Component Analysis provides a mathematical means for efficient evaluation of the hundreds of emission spectra acquired during collection of each force--area isotherm, enabling insights into lipid miscibility.^[@ref18]^

Here we show the efficacy of this monolayer platform by addressing the following biophysics issue involving two major plasma membrane lipids containing identical phosphocholine headgroups: PC and sphingomyelin (SM). When these two glycerol-based and sphingoid-based lipids have identical acyl chains, do physical packing differences exist in the phase states that can regulate mixing behavior with other membrane components, e.g., other lipids? In naturally prevalent membrane phosphoglycerides such as PC, both hydrocarbon chains generally are ester-linked to a glycerol backbone, the *sn*-1 chain is typically saturated (e.g., palmitate or stearate), and the *sn*-2 chain contains one or more *cis* double bonds. These features keep the PC chains in a fluid state well below physiological temperatures. However, it is well-known from model membrane studies that saturation of the PC *sn*-2 chain (e.g., palmitate) raises the temperature needed for the resulting dipalmitoyl PC (DPPC) bilayers to be fluid to ∼42 °C. In membrane sphingolipids such as naturally prevalent SM, the 18-carbon sphingoid base chain serves the dual role of interfacial backbone and nonpolar hydrocarbon chain. The single acyl chain is amide-linked and typically is saturated, resulting in temperatures in the 42--46 °C range (depending on acyl composition) being needed for SM to become fluid in the bilayer state. Thus, at physiological temperature, most natural SMs are not fluid and form gel-like bilayer phases.^[@ref19]−[@ref22]^

The fact that mammalian cells consume energy to produce major quantities of both PC and SM suggests their phase structures could have physical differences that warrant the presence of both lipids in specific biomembranes, extending beyond their known functions as pools for generation of differing signaling metabolites. To address the issue, we investigated the ability of BODIPY-labeled PC to reveal subtle differences in lipid phase state behavior as well as changes in the lateral interactions related to micromixing of BODIPY-PC in PC compared to SM.

Materials and Methods {#sec2}
=====================

1-Palmitoyl-2-oleoyl-*sn*-glycero-3-phosphatidylcholine (POPC) and 1,2-dipalmitoylphosphatidylcholine (DPPC) were obtained from Avanti Polar Lipids (Alabaster, AL). *N*-Palmitoylsphingomyelin (16:0 SM) and *N*-oleoylsphingomyelin (18:1^Δ9(c)^ SM) were produced by reacylation of lyso-SM with the desired fatty acyl residue and purified as described previously (ref ([@ref13]) and references therein). 1-Palmitoyl-2-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-*s*-indacene-8-heptanoyl)-*sn*-glycero-3-phosphocholine (Me~4~-BODIPY-8-PC or B-PC) was synthesized and purified as described earlier^[@ref17]^ (Figure [1](#fig1){ref-type="fig"}A).

![Langmuir surface balance modified to acquire surface fluorescence spectra of lipids forming a monolayer at the air/water interface. (A) Structure of Me~4~-BODIPY-8-PC. (B) Schematic of modified Langmuir film balance equipped to acquire surface fluorescence.](la-2013-047098_0008){#fig1}

Langmuir Film Balance {#sec2.1}
---------------------

Figure [1](#fig1){ref-type="fig"}B illustrates how our Langmuir film balance was outfitted for acquisition of fluorescence emission intensity as a function of wavelength while simultaneously measuring surface pressure (π) as a function of lipid cross-sectional molecular area (*A*) of the lipid monolayer.^[@ref15],[@ref16]^ Briefly, the Langmuir film balance was fitted with fiber-optic cables and collimators using home-built attachments. An opaque, blackened box with a port for surface cleaning and sample addition covered the entire monolayer trough assembly (not shown). Incident light for excitation at 90° was provided by a 488 nm argon-ion laser (Model 2122-45L, JDS Uniphase, San Jose, CA) equipped with a model-3 light-intensity controller and a fiber-optic coupler (Model HPUC-23-488-S-3, FAC-2BL; Oz Optics, Nepean, ON, Canada). After exiting a collimator, the light passed through a 2° holographic diffusing filter (Coherent, Auburn, CA) and was masked to project a circular spot (∼0.5 cm diameter) on the monolayer surface. The projected spot intensity was ∼1.5 mW/cm^2^. Fluorescence emission was collected perpendicular to the interface at a ∼1 cm distance using a fiber-optic spectrometer (Model PC2000-ISA, Ocean Optics, Dunedin, FL) equipped with an L2 lens and a 200 μm slit. A 500 nm long pass filter (500EFLP, Omega Optical, Brattleboro, VT) was mounted between the emission collimator and the detector to reduce scattered excitation light. Spectra (480--700 nm) were collected using 1 s acquisition times at 2 s intervals (OOIBase32 software) during monolayer compression. The fractional change in lipid surface concentration during each spectral acquisition cycle was ≤0.0073. This value was calculated by considering the (i) molecular compression rate (∼4 Å^2^/molecule/min), (ii) original surface area of the spread lipid, and (iii) 3 s spectral acquisition cycle. Control emission spectra were unaffected by gas phase (air or argon) or by 0.01% sodium azide in the subphase buffer. Each reported isotherm is an average of at least two determinations to correct for small changes in the fiber-optical path caused by cover removal between runs.

Lipid monolayers were formed by spreading (51 μL aliquots) of mixtures made from stock solutions dissolved in hexane/ethanol (9:1) or hexane/isopropanol/water (70:30:2.5). The PC, SM, and Me~4~-BODIPY-8-PC stock concentrations were quantified by a modified Barlett assay.^[@ref15],[@ref16]^ Me~4~-BODIPY-8-PC stock concentration also was checked by extinction coefficient (87 000 M^--1^ cm^--1^ at 505 nm). After spreading on the subphase surface and a delay period of 4 min, lipid films were compressed at a rate of ≤4 Å^2^/molecule/min on subphase maintained at 24 °C via a thermostated circulating water bath. Surface pressure and area calibration of the film balance were performed as detailed previously (ref ([@ref13]) and references therein). Solvent purity was verified by dipole potential measurements using a ^210^Po ionizing electrode (ref ([@ref13]) and references therein).

Subphase buffer was produced using water purified by reverse osmosis, activated charcoal adsorption, and mixed-bed deionization, then passed through a Milli-Q UV Plus System (Millipore Corp., Bedford, MA), and filtered through a 0.22 μm Millipak 40 membrane. Subphase buffer contained 10 mM potassium phosphate (pH 6.6), 100 mM NaCl, and 0.2% NaN~3~ and was kept stored under argon. The argon was cleaned by passage through a seven-stage series filtration setup consisting of an Alltech activated charcoal gas purifier, a LabClean filter, and a series of Balston disposable filters consisting of two adsorption (carbon) and three filter units (93% and 99.99% efficiency at 0.1 μm). The film balance was housed in an isolated laboratory supplied with clean air by a Bioclean Air Filtration system equipped with charcoal and HEPA filters and was kept under humidified argon in a separate enclosure. Other features contributing to isotherm reproducibility include automated lipid spreading via a modified HPLC autoinjector, automated surface cleaning by multiple barrier sweeps between runs, and highly accurate, reproducible setting of the subphase level by an automated aspirator. Glassware was acid cleaned and rinsed with purified water and then with hexane/ethanol (95:5) before use.

Results and Discussion {#sec3}
======================

Me~4~-BODIPY-8-PC, like many BODIPY probes, has high photostability, is nearly insensitive to environmental polarity, and has a small Stokes shift.^[@ref16]^ Dilute noninteracting BODIPY monomers exhibit a narrow emission peak centered in the 506--515 nm range.^[@ref15],[@ref16],[@ref18],[@ref26]−[@ref31]^ At high BODIPY concentrations, a second, longer-wavelength fluorescence peak also can occur due to excited-state dimer emission. With dimethyl-BODIPY, the wavelength shift of the excited-state dimer is sufficiently strong for the peak to be resolved from its monomer emission peak.^[@ref15]^ However, in the case of tetramethyl-BODIPY (e.g., Me~4~-BODIPY-8-PC is studied here), the dimer emission peak wavelength is not shifted as much and is not distinctly resolved from the monomer peak. Also, resonance energy transfer (Förster distance = 57 Å) may contribute to excitation of transient ground state dimers, partially quenching monomer emission. The end result is spectral broadening that increases with increasing contribution from the concentration-dependent dimer emission. The preceding information is provided to facilitate understanding of the experimental data that follows.

Me~4~-BODIPY-8-PC Response in 18:1-Sphingomyelin Compared to POPC {#sec3.1}
-----------------------------------------------------------------

We began addressing the issues (see [Introduction](#sec1){ref-type="other"}) by evaluating the lateral mixing of Me~4~-BODIPY-8-PC in SM versus PC when the hydrocarbon chain structural differences controlling their phase behavior were minimal. We initially focused on 18:1-SM, which, like POPC, displays liquid-expanded (fluid-like) behavior at all surface pressures below film collapse^[@ref20]^ and collected multiple emission spectra as the monolayers were being laterally compressed (Figure [2](#fig2){ref-type="fig"}) using 1 mol % Me~4~-BODIPY-8-PC in the monolayers to minimize probe effects. Samplings (∼50) from the \>500 spectra obtained during acquisition of each 18:1-SM and POPC force--area isotherm are shown in Figures [2](#fig2){ref-type="fig"}A and [2](#fig2){ref-type="fig"}B, respectively. Increasing surface pressure affects the emission intensity and peak shape of Me~4~-BODIPY-8-PC. The emission changes primarily reflect concentration-dependent dimer emission and possibly FRET (Förster distance = 57 Å) from BODIPY-lipid monomers to transient BODIPY-lipid dimers, induced by lateral compression of the lipid films.^[@ref16]^ The changes observed in 18:1-SM are slightly more accentuated than those of POPC monolayers containing the same lipid probe consistent with earlier findings obtained from only four spectral data sets for POPC.^[@ref16]^ Figures [2](#fig2){ref-type="fig"}C and [2](#fig2){ref-type="fig"}D illustrate the relationship between surface pressure (π) and Me~4~-BODIPY-8-PC lateral concentration, i.e. surface density, in 18:1-SM and POPC monolayers. The emission intensity of BODIPY monomer exhibits a slightly steeper decline in 18:1-SM than in POPC over same range of increasing surface density of PC-fluorophore (Figure [2](#fig2){ref-type="fig"}E). Moreover, the emission wavelength maximum (λ~max~) of Me~4~-BODIPY-8-PC exhibits an apparent red-shift that linearly increases with increasing surface density of the PC-fluorophore in 18:1-SM monolayers while the λ~max~ in POPC remains unchanged (Figure [2](#fig2){ref-type="fig"}E). Red-shifting of the λ~max~ of BODIPY-PC fluorophores in monolayers previously has been linked to lateral surface concentration.^[@ref15],[@ref16]^ Finally, the emission peak broadness of Me~4~-BODIPY-8-PC, as assessed by the peak width at half-maximal peak height (Figure [2](#fig2){ref-type="fig"}F), remains unchanged and similar in 18:1-SM and POPC over the BODIPY-PC surface density range of 1.5--3.0 pmol/cm^2^. In general, broadening of the BODIPY emission peak originates from additional absorption and emission peaks that occur at high BODIPY concentrations reflecting dimer emission and possibly FRET from BODIPY-lipid monomers to transient BODIPY-lipid dimers.

![Compression-induced changes in fluorescence emission properties and force--area isotherms for 1 mol % Me~4~-BODIPY-8-PC mixed with either 18:1-SM or POPC. (A, B) Representative emission spectra obtained for mixed monolayers of 1 mol % BODIPY-PC and 18:1-SM (A) or POPC (B). (C) Monolayer isotherms for 18:1-SM and POPC showing surface pressure (π) versus average molecular area in absence and presence of lipid fluorophore. (D) Surface pressure versus BODIPY-PC surface concentration (pmol/cm^2^) response. (E) Monomer emission intensity (solid line) and emission wavelength maximum (λ~max~) (symbol) versus BODIPY-PC surface concentration (pmol/cm^2^) in 18:1-SM or POPC. The monomer emission intensity represents the integrated area over the 505--535 nm range. (F) Emission peak broadening versus BODIPY-PC surface concentration (pmol/cm^2^) in 18:1-SM or POPC. The broadening represents the peak width (nm) determined at 50% maximum intensity.](la-2013-047098_0009){#fig2}

To confirm and better define how the spectral response provides insights into mixing behavior, higher Me~4~-BODIPY-8-PC amounts (10 and 20 mol %) also were studied in 18:1-SM and compared with the responses observed in POPC. With both monolayer matrix lipids, peak broadening became more pronounced with increasing π (Figure [3](#fig3){ref-type="fig"}A,B) but was more dramatic with 20 mol % probe (not shown; see ref ([@ref16])). The broadening could be traced to a shoulder peak (540--585 nm) that gains prominence relative to monomer emission intensity with the higher BODIPY-PC surface concentrations as the surface pressure increases. The shoulder peak has been previously linked to excited-state dimer emission that occurs at higher BODIPY-PC surface concentrations (ref ([@ref16]) and references therein.) Figures [3](#fig3){ref-type="fig"}C,D show the relationship between surface pressure and Me~4~-BODIPY-8-PC lateral concentration, i.e. surface density for the two matrix lipids. As shown by Figure [3](#fig3){ref-type="fig"}E, at 10 mol % Me~4~-BODIPY-8-PC, the monomer (505--535 nm) emission intensities and λ~max~ apparent red-shifts exhibit linear response patterns but with stronger changes elicited in 18:1-SM than in POPC. In both cases, the changes are significantly greater in 18:1-SM than in POPC (Figure [3](#fig3){ref-type="fig"}E). In contrast, similar gradual increases in BODIPY emission peak broadness (Figure [3](#fig3){ref-type="fig"}F) occur in both 18:1-SM and POPC. At 20 mol % PC-fluorophore, the response patterns remained similar but were muted compared to those exhibited at 10 mol % due to excessively high self-quenching (data not shown). Overall, the spectral response of Me~4~-BODIPY-8-PC is consistent with high miscibility in the fluid-like LE phase of 18:1-SM and POPC albeit minor packing differences that subtly affect fluorophore orientation and lateral distribution.

![Compression-induced changes in fluorescence emission properties and force--area isotherms for 10 mol % Me~4~-BODIPY-8-PC mixed with either 18:1-SM or POPC. (A, B) Representative emission spectra obtained for mixed monolayers of 10 mol % BODIPY-PC and 18:1-SM (A) or POPC (B). (C) Monolayer isotherms for 18:1-SM and POPC showing surface pressure versus average molecular area in absence and presence of lipid fluorophore. (D) Surface pressure (π) versus BODIPY-PC surface concentration (pmol/cm^2^) response. (E) Monomer emission intensity (solid line) and emission wavelength maximum (λ~max~) (symbol) versus BODIPY-PC surface concentration (pmol/cm^2^) in 18:1-SM or POPC. The monomer emission intensity represents the integrated area over the 505--535 nm range. (F) Emission peak broadening versus BODIPY-PC surface concentration (pmol/cm^2^) in 18:1-SM or POPC. The broadening represents the peak width (nm) determined at 50% maximum intensity.](la-2013-047098_0001){#fig3}

Me~4~-BODIPY-8-PC Response in Dipalmitoylphosphatidylcholine {#sec3.2}
------------------------------------------------------------

To determine if changes in lipid phase state, i.e. transition from the fluid-like, liquid-expanded (LE) state to the gel-like, liquid condensed (LC) state, affect the Me~4~-BODIPY-8-PC emission signal, fluorescence spectra were collected as DPPC monolayers containing 1 mol % of fluorescent PC were being laterally compressed. Figure [4](#fig4){ref-type="fig"} shows ∼50 samplings from the \>500 fluorescence spectra collected during acquisition of each force--area isotherm. Me~4~-BODIPY-8-PC emission intensity and peak shape both changed dramatically as a function of increasing PC fluorophore packing density resulting from increasing surface pressure (Figure [4](#fig4){ref-type="fig"}A,B). At low π producing only fluid-like LE phase, the fluorescence intensity was ∼50% higher in DPPC than in POPC or 18:1-SM over the same low surface pressure range but also declined slightly with increasing fluorophore surface concentration presumably due to self-quenching (Figures [2](#fig2){ref-type="fig"}E and [4](#fig4){ref-type="fig"}E). At π sufficiently high to induce onset of the DPPC LE/LC phase transition, the Me~4~-BODIPY-8-PC emission intensity showed a discontinuity, i.e. dip (Figure [4](#fig4){ref-type="fig"}E). This response could reflect orientational restrictions imposed on the probe or possibly superlattice ordering of the probe distribution in the monolayer.^[@ref52],[@ref53]^ After a slight increase, the intensity declined dramatically as the LE/LC transition midpoint was surpassed. Upon completion of the transition, minimal intensity was observed. Thereafter, the intensity rose slightly when only ordered LC phase existed until the film collapsed. The λ~max~ apparent red-shift also was strongly affected by the LE/LC phase transition of DPPC. At low π when only LE phase existed, the λ~max~ apparent red-shift was similar to that for POPC (Figure [4](#fig4){ref-type="fig"}E). Upon reaching the LE/LC phase transition midpoint, significantly larger λ~max~ apparent red-shift was observed with increasing π. Figure [4](#fig4){ref-type="fig"}F shows that spectral broadening remained relatively unchanged at low π producing fluid-like LE phase and then suddenly began to increase at the surface pressure and fluorophore surface density corresponding to the approximate midpoint of the LE/LC phase transition. Maximum broadening was observed upon completion of the LE/LC phase transition when only gel-like LC phase existed. Further compression of the DPPC LC phase resulted in diminished spectral broadening (Figure [4](#fig4){ref-type="fig"}F). Notably, the preceding dramatic spectral changes were observed with a probe amount (1 mol % Me~4~-BODIPY-8-PC) producing no discernible effect on the force--area isotherm or LE/LC phase transition of DPPC (Figure [4](#fig4){ref-type="fig"}C).

![Compression-induced changes in fluorescence emission properties and force--area isotherms for 1 mol % Me~4~-BODIPY-8-PC mixed with either 16:0-SM or DPPC. (A, B) Representative emission spectra obtained for mixed monolayers of 1 mol % BODIPY-PC and 16:0-SM (A) or DPPC (B). (C) Monolayer isotherms for 16:0-SM and DPPC showing surface pressure versus average molecular area in absence and presence of lipid fluorophore. (D) Surface pressure (π) versus BODIPY-PC surface concentration (pmol/cm^2^) response. (E) Monomer emission intensity (solid line) and emission wavelength maximum (λ~max~) (symbol) versus BODIPY-PC surface concentration (pmol/cm^2^) in 16:0-SM or DPPC. The monomer emission intensity represents the integrated area over the 505--535 nm range. (F) Emission peak broadening versus BODIPY-PC surface concentration (pmol/cm^2^) in 16:0-SM or DPPC. The broadening represents the peak width (nm) determined at 50% maximum intensity. Unfilled symbols in panels D, E, and F mark the phase transition region where LE and LC domains coexist.](la-2013-047098_0002){#fig4}

To define and better understand the mixing behavior of the PC fluorophore in DPPC, 10 mol % Me~4~-BODIPY-8-PC also was studied (Figure [5](#fig5){ref-type="fig"}). Peak intensity and spectral broadening originating from a 560--585 nm shoulder peak were more pronounced (Figure [5](#fig5){ref-type="fig"}B). Minimum peak intensity was observed as DPPC completed the LE/LC phase transition, but the intensity then rose steadily as π increased (Figure [5](#fig5){ref-type="fig"}E). The response pattern of the λ~max~ apparent red-shift mimicked that of 1% PC-fluorophore but was exacerbated (Figures [4](#fig4){ref-type="fig"}E and [5](#fig5){ref-type="fig"}E). Spectral broadening of 10 mol % lipid fluorophore also mimicked the 1% response in DPPC (Figure [5](#fig5){ref-type="fig"}F). Little change in broadening was observed at low π producing fluid-like LE phase but a sudden increase occurred when the surface pressure and the fluorophore surface density reached the approximate midpoint of the LE/LC phase transition. Maximum broadening was observed upon completion of the LE/LC phase transition when only gel-like LC phase existed and further compression of the DPPC LC phase resulted in strongly diminished spectral broadening (Figure [5](#fig5){ref-type="fig"}E). At 20 mol % BODIPY-PC, the same general patterns were observed as for 10 mol % PC probe but were muted by self-quenching (data not shown).

![Compression-induced changes in fluorescence emission properties and force--area isotherms for 10 mol % Me~4~-BODIPY-8-PC mixed with either 16:0-SM or DPPC. (A, B) Representative emission spectra obtained for mixed monolayers of 1 mol % BODIPY-PC and 16:0-SM (A) or DPPC (B). (C) Monolayer isotherms for 16:0-SM and DPPC showing surface pressure versus average molecular area in absence and presence of lipid fluorophore. (D) Surface pressure (π) versus BODIPY-PC surface concentration (pmol/cm^2^) response. (E) Monomer emission intensity (solid line) and emission wavelength maximum (λ~max~) (symbol) versus BODIPY-PC surface concentration (pmol/cm^2^) in 16:0-SM or DPPC. The monomer emission intensity represents the integrated area over the 505--535 nm range. (F) Emission peak broadening versus BODIPY-PC surface concentration (pmol/cm^2^) in 16:0-SM or DPPC. The broadening represents the peak width (nm) determined at 50% maximum intensity. Unfilled symbols in panels D, E, and F mark the phase transition region where LE and LC domains coexist.](la-2013-047098_0003){#fig5}

When present at 10 mol %, Me~4~-BODIPY-8-PC exerted a slight condensing effect on DPPC rather than the expected average molecular area expansion because of PC-probe fluid-like LE behavior as a pure entity.^[@ref16]^ The 10 mol % of Me~4~-BODIPY-8-PC also slightly elevated the LE/LC transition onset π (Figure [5](#fig5){ref-type="fig"}C). Yet, the LE/LC transition remained sharp even at 20 mol % Me~4~-BODIPY-8-PC (not shown). Thus, by classic force--area analyses, hints of partial nonideal mixing were evident for 10 and 20 mol % PC fluorophore, but 1 mol % Me~4~-BODIPY-8-PC had no discernible effect on the LE and LC phases of DPPC. Strikingly, changes in fluorescence at all PC probe concentrations indicated nonideal mixing of PC fluorophore between DPPC phases even at low amounts (1 mol %). Taken together, the data suggest that 1 mol % BODIPY-PC is much less miscible in the gel-like LC phase of DPPC (than the fluid-like LE phase) and concentrates in the LE phase and along the domain boundaries when both phases coexist. The tendencies for lipid probes carrying fluorophores on their acyl chains (e.g., 1% probe) to partition to the fluid-like LE phase rather than the gel-like LC phase and to concentrate along domain boundaries in the mixed phase region are common occurrences.^[@ref23]−[@ref25]^ Notably, the dramatic spectral changes accompanying the lateral concentrating of 1 mol % Me~4~-BODIPY-8-PC in DPPC do not become obvious until the approximate transition midpoint. At this point, the fluid-like LE phase continuum containing dispersed LC phase domains transitions to a gel-like LC phase continuum containing dispersed LE phase domains, and the signal intensity and broadening begin to change in dramatic fashion. Under packing conditions when only LC phase exists for DPPC, Me~4~-BODIPY-PC mixing into the tight DPPC lattice is energetically unfeasible, leading the PC probe to be excluded. Even at low concentration (1 mol %) in the DPPC LC phase, Me~4~-BODIPY-8-PC molecules appear to segregate and form clusters that could impose conformational restrictions to the probe aggregate/dimer. In the clusters, the local probe concentration is high and excited state dimer emission keeps spectral intensity broadened compared to the DPPC LE phase.

Our conclusions arise from current understanding of BODIPY photophysical behavior. Dilute noninteracting BODIPY monomers exhibit an emission peak centered in the 506--515 nm range.^[@ref15],[@ref16],[@ref18],[@ref26]−[@ref31]^ In contrast, additional absorption and emission peaks occur at high BODIPY concentrations, reflecting dimer emission and resonance energy transfer (Förster distance = 57 Å) to transient ground state dimers that partially quench monomer emission. Emission from ground-state BODIPY dimers, denoted D~II~ (J-dimer), occurs when BODIPY rings orient in planar fashion with their S~0~*→*S~1~ transition dipoles aligned at ∼55°. Typically, the D~II~ emission peak reflects energy transfer from excited-state monomers to the ground-state D~II~ dimers, which absorb near 570 nm and emit near 630 nm.^[@ref26]^ BODIPY rings also can undergo sandwich-like stacking and parallel alignment of the transition dipoles to form ground-state dimers referred to as D~I~ (H-dimer). Absorption occurs near 477 nm but produces no fluorescence emission after excitation.^[@ref29],[@ref30]^ Tetramethylated BODIPY (Me~4~-BODIPY-8-PC) exhibits an emission shoulder (∼570 nm) at high surface concentrations^[@ref16]^ but no trace of the 620--630 nm peak characteristic of dimethyl-BODIPY dimer. The emission shoulder at ∼570 nm appears to be consistent with energy transfer between excited state monomer and transient ground state dimers aligned differently than D~II~ dimers.^[@ref29],[@ref30]^ What is clear is that much of the monomer emission peak intensity becomes dampened by relaxation processes (nonfluorescent) as intensity is less than expected at 10 mol % compared to 1 mol % as well as at 20 mol % compared to 10 mol % PC-probe.

Me~4~-BODIPY-8-PC Response in 16:0 SM {#sec3.3}
-------------------------------------

To determine if Me~4~-BODIPY-8-PC exhibits lateral mixing differences in naturally predominant SM species compared to DPPC, fluorescence spectra were collected while 16:0-SM monolayers containing 1 mol % fluorescent PC were being laterally compressed (Figure [4](#fig4){ref-type="fig"}). A strikingly different intensity pattern for Me~4~-BODIPY-8-PC emission is observed in 16:0 SM compared to DPPC with increasing PC fluorophore packing density resulting from increasing surface pressure (Figure [4](#fig4){ref-type="fig"}A,B). When fluid-like LE phase exists (π \< 22 mN/m; density \< ∼3 pmol/cm^2^), the emission intensity initially is only slightly higher in 16:0-SM than in DPPC and gradually decreases. A discontinuity in the intensity profile occurs with the onset of the LE/LC phase transition (Figure [4](#fig4){ref-type="fig"}E) as with DPPC. However, in 16:0-SM, the intensity remains nearly unchanged throughout the LE/LC transition before declining dramatically and almost linearly when the transition nears completion (Figure [4](#fig4){ref-type="fig"}E). The response contrasts that in DPPC where the dramatic decline in lipid probe intensity begins approximately midway through the LE/LC transition, reaches a minimum upon completion of the transition, and then increases until film collapse. The differing onset points for intensity decline in 16:0-SM and DPPC appear to reflect persistence of stable LC domains formed by 16:0-SM until the transition is nearly completed. The resistance to formation of a LC phase continuum by 16:0-SM would keep domain boundaries intact where the lipid fluorophore probe can remain relatively well dispersed. Our explanation is supported by fluorescence imaging showing multilobed, leaf-like LC domains (6-fold symmetry) formed by SM compared to less intricate S-shaped and trilobed LC domains of DPPC.^[@ref32]−[@ref34]^ Although only slightly smaller in size, the more intricate morphology of the SM domains results in significantly more phase boundary than for DPPC domains. Remarkably, the SM domains resist coalescence even when very high surface pressures are applied to force coalescence with each other.^[@ref32]^ This response presumably reflects higher long-range repulsive dipole--dipole interactions counteracting the line tension effect that drives domains toward less intricate circular morphologies.^[@ref35]^ It is also noteworthy that the responses of the λ~max~ apparent red-shift and the peak broadness for 16:0 SM (Figure [4](#fig4){ref-type="fig"}E,F) more closely resemble those observed in 18:1 SM and POPC rather than of DPPC. Overall, the data suggest that Me~4~-BODIPY-8-PC (1 mol %) miscibility in 16:0 SM remains high regardless of 16:0 SM phase state, in contrast to DPPC where exclusion from the DPPC LC phase occurs.

At higher Me~4~-BODIPY-8-PC content (10 mol %), the lipid probe intensity response, the spectral broadening, and the force--area isotherms (Figure [5](#fig5){ref-type="fig"}) indicated effects exerted by the lipid probe itself in the 16:0-SM and DPPC matrices. The effects included a dampened LE/LC phase transition in 16:0-SM that was not evident in DPPC. At 20% Me~4~-BODIPY-8-PC, the same general pattern persisted (data not shown), but the spectral broadening was magnified by the dominance of the shoulder peak in the 550--580 nm spectral region. The spectral broadening produced by 10 and 20 mol % Me~4~-BODIPY-8-PC was expected because of the higher surface density of the lipid fluorophore and resulting increase in excited state dimer emission.

Additional support for the miscibility of the PC-fluorophore in 16:0-SM monolayers was provided by force--area isotherms. As with DPPC, the presence of 1 mol % PC fluorophore had almost no effect on the force--area isotherm of 16:0-SM (Figure [4](#fig4){ref-type="fig"}B,C). At 10 mol % Me~4~-BODIPY-8-PC exerted a slight condensing effect on 16:0-SM as also observed for DPPC (Figure [5](#fig5){ref-type="fig"}C). The 10 mol % Me~4~-BODIPY-8-PC slightly elevated the onset surface pressure and decreased the sharpness of the LE/LC transition and decreased isotherm slopes of LC phase (16:0-SM) consistent with enhanced lateral elasticity.

As a final check, the Me~4~-BODIPY-8-PC emission spectra (1 mol %) for each lipid matrix were compared in two additional ways. We evaluated for the presence of an excited state dimer emission peak at various surface pressures including high surface pressure that mimics biomembranes packing conditions (e.g., π = 40 mN/m) by subtraction of the monomer spectrum. Figure [6](#fig6){ref-type="fig"} shows the lack of an excited state dimer peak for 1 mol % Me~4~-BODIPY-8-PC in POPC, 18:1-SM, and 16:0-SM, a finding consistent with relatively high miscibility of the PC fluorophore. In contrast, with DPPC (Figure [6](#fig6){ref-type="fig"}B), excited state dimer peaks were clearly evident at 25 and 40 mN/m, indicating exclusion from the gel-like LC phase, but not at low pressure (15 mN/m) when fluid-like LE phase exists in the LE/LC transition region. Notably, negligible excited state dimer peak was detected in 16:0-SM at 40 mN/m, a pressure also yielding LC phase. To show that formation of the excited state dimer peak depended on increased Me~4~-BODIPY-8-PC surface concentration, the same analysis was repeated for each lipid matrix but at 10 mol % PC-fluorophore ([Figure S2](#notes-1){ref-type="notes"}). The presence of excited state dimer peaks is evident in all lipid matrices, but of much lesser magnitude in POPC, 18:1-SM, and 16:0-SM compared to DPPC. The normalized spectra used to generate Figure [6](#fig6){ref-type="fig"} and [Figure S2](#notes-1){ref-type="notes"} are provided in [Figures S1 and S3](#notes-1){ref-type="notes"}.

![Evaluation of surface concentration-dependent dimer emission by 1 mol % Me~4~-BODIPY-8-PC in different monolayer matrices using normalized difference spectra. The normalized emission peak obtained at 5 mN/m (= monomer) was subtracted from spectra obtained at 15, 25, and 40 mN/m for each matrix lipid. (A) POPC; (B) DPPC; (C) 18:1-SM; (D) 16:0-SM. The inflection depth at ∼510 nm reflects the magnitude of the λ~max~ apparent red-shift. The normalized spectra used to produce the difference spectra are shown in [Figure S1](#notes-1){ref-type="notes"}. Similar comparisons at 10 mol % Me~4~-BODIPY-8-PC are presented in [Figures S2 and S3](#notes-1){ref-type="notes"}.](la-2013-047098_0004){#fig6}

Because Me~4~-BODIPY-8-PC emission is responsive to surface concentration, we also compared spectra obtained in each lipid matrix at identical mean molecular areas. Figures [7](#fig7){ref-type="fig"}A and [7](#fig7){ref-type="fig"}B show the similar spectral responses for 18:1-SM and POPC monolayers as well as those for 16:0-SM and DPPC, respectively, all acquired at 78 Å^2^/molecule. Since this packing area yields fluid, LE state for all four lipids as well as identical Me~4~-BODIPY-8-PC surface concentrations of 2.12 pmol/cm^2^, we suggest that the moderately differing intensities reflect acyl chain structural differences (*cis* 9--10 unsaturated vs saturated) that affect the average orientation of the BODIPY fluorophore intercalated among lipid chains in the monolayer. Figures [7](#fig7){ref-type="fig"}C and [7](#fig7){ref-type="fig"}D show the same lipids, but at higher lipid packing densities that mimic the bilayer situation. Again, similar emission responses are observed for POPC and 18:1-SM (Figure [7](#fig7){ref-type="fig"}C) at molecular areas of 58 Å^2^, which is near the collapse areas (∼55 Å^2^) of their fluid LE films. In contrast, markedly different emission responses are observed for DPPC and 16:0-SM (Figure [7](#fig7){ref-type="fig"}D) at molecular areas of 45 Å^2^, which yields LC films and Me~4~-BODIPY-8-PC surface concentrations of 3.75 pmol/cm^2^. Notably, the emission response in 16:0-SM is rather similar to that observed at lower packing density (Figure [7](#fig7){ref-type="fig"}B). Altogether, our findings are consistent with the seemingly counterintuitive outcome of PC fluorophore mixing better with the LC phase of 16:0 SM compared to LC phase of DPPC as well as being only moderately less miscible with the SM LC phase than the SM LE phase but poorly miscible with DPPC LC phase.

![Spectra for 1 mol % Me~4~-BODIPY-8-PC in different monolayer matrices compared at identical interfacial molecular packing areas. (A) POPC and 18:1-SM at 78 Å^2^/molecule (Me~4~-BODIPY-8-PC = 2.12 pmol/cm^2^); (B) DPPC and 16:0-SM at 78 Å^2^/molecule (Me~4~-BODIPY-8-PC = 2.12 pmol/cm^2^); (C) POPC and 18:1- SM at 58 Å^2^/molecule (Me~4~-BODIPY-8-PC = 2.85 pmol/cm^2^); (D) DPPC and 16:0-SM at 45 Å^2^/molecule (Me~4~-BODIPY-8-PC = 3.75 pmol/cm^2^).](la-2013-047098_0005){#fig7}

SM and PC Structural Differences That Affect Their Phase Behavior {#sec3.4}
-----------------------------------------------------------------

To understand how the preceding experimental responses could arise, it is useful to examine structural features that distinguish SM from PC and that likely to contribute to the intriguing physiochemical behavior of SM. While SM and PC both share the zwitterionic polar headgroup, phosphocholine, and have two long nonpolar hydrocarbon chains, they differ with respect to the type of linkage between the long chains and the backbone. As pointed our earlier, in naturally occurring PC, both hydrocarbon chains are ester-linked to a glycerol backbone, the *sn*-1 chain usually is saturated (e.g., palmitate or stearate), while the *sn*-2 chain generally contains one or more *cis* double bonds. In contrast, in SM, the sphingoid base serves the dual role as both the interfacial backbone and nonpolar hydrocarbon chain and the single acyl chain is amide-linked and tends to be saturated. The initial three carbons of the 18-carbon sphingoid base of SM are configurationally analogous to the glycerol backbone of PC. The remaining 15 carbons of the sphingoid base resemble the saturated palmitoyl *sn*-1 chain of DPPC. The *sn*-2 acyl chain of DPPC and the *N*-linked acyl chain of SM share a similar conformation in that their first two carbons extend roughly parallel to the bilayer interface, but the chains then bend sharply to become aligned with the respective *sn*-1 acyl chain or sphingoid base.^[@ref14],[@ref36]−[@ref38]^ The resulting axial displacement leads to positional inequivalence of the carbon atoms along the two adjacent intramolecular chains.

Despite the preceding similarities in general conformation and shape, the sphingoid chain of SM possesses a 3-hydroxyl group and a 4,5 *trans* double bond that affect hydration and hydrogen bonding with surrounding water and/or neighboring lipids. For instance, SM and PC produce distinct ^31^P NMR resonances and Pr^3+^ induces a larger downfield shift for SM than for PC, consistent with their phosphate groups residing in nonidentical local environments.^[@ref39],[@ref40]^ Also, the quaternary ammonium headgroup is more rigid in SM than in PC as indicated by ^14^N NMR and ^13^C/^1^H CP-MAS NMR.^[@ref41],[@ref42]^ SMs in monolayers at biomembrane-like packing conditions have smaller cross-sectional molecular areas than their respective chain-matched PCs (ref ([@ref42]) and references therein). *In silico* modeling by molecular dynamics simulations also predicts smaller molecular cross-sectional area and volume in fluid phase bilayers for *N*-palmitoyl SM than for DPPC.^[@ref43],[@ref44]^

The unique contribution of the 4,5-*trans* double bond in regulating the interfacial dipole potential, lateral elasticity, and molecular packing of sphingolipids is clear from monolayer studies of different ceramide analogues.^[@ref45]^ The key roles played by the 4,5-*trans* double bond and the 3-OH group in organizing interfacial water and mediating intramolecular hydrogen bonds via strongly bound water molecules also are indicated by solution NMR studies^[@ref46],[@ref47]^ and molecular dynamics simulations^[@ref43],[@ref44]^ of SM and dihydro-SM (DHSM), which lacks the 4,5 *trans* double bond. Elimination of the 4,5-*trans* double bond modifies the hydration of the interfacial region, distorts hydrogen bond interactions, and affects the 3-hydroxy group conformation in ways that increase molecular packing density and alter the molecular dipole potential.^[@ref21],[@ref42],[@ref48]^ The changes are manifested in the overall interaction between phosphocholine and its subtending ceramide moiety. In SM, intramolecular hydrogen bonding involving bridging water molecules occurs between the 3-OH group of the sphingoid base and the bridge oxygen of phosphate.^[@ref39],[@ref42],[@ref47]^ In DHSM, this intramolecular hydrogen bonding is disrupted, increasing phosphocholine conformational flexibility and enabling DHSM with saturated acyl chains to undergo tighter lateral packing.^[@ref21],[@ref42],[@ref48],[@ref49]^ Thus, the presence of the 4,5 *trans* double bond in SM generates gel phase packing that differs from DHSM or DPPC. Direct support for this idea comes not only from NMR studies of SM bilayers^[@ref42]^ but also from X-ray diffraction studies of SM monolayers that reveal almost no molecular tilt compared to DPPC (∼30°) at high surface pressures and show the SM LC phase lacking the long-range, in-plane order that characterizes the liquid condensed monolayer phases of PCs and PAs with saturated acyl chains.^[@ref50]^ The SM molecules appear to be locked into tightly packed, irregular positions that promote a glassy, amorphous packing state rather than a more crystalline state for the chains. Indeed, the amorphously packed LC state of SM is known to display elevated cohesive strength and improved resilience,^[@ref20],[@ref21]^ presumably by avoiding formation of rigid grain boundaries and dislocations that weaken crystalline materials. Molecular dynamics modeling of this packing state shows the headgroup and immediately adjacent chain regions to be denser, i.e., have fewer packing voids, in SM than DPPC.^[@ref51]^ This tighter packing of the SM interfacial region can be attributed to both intra- and intermolecular hydrogen bonding. The intramolecular hydrogen bonding produces a more upright phosphocholine headgroup relative to the bilayer (or monolayer) surface while the intermolecular hydrogen bonding involving its sphingoid 3-OH group and amide-linkage enhances intermolecular cohesion. The resulting "noose-like" tightening at the SM interfacial region increases density voids of all sizes toward the bilayer center, a feature expected to facilitate accommodation and promote better mixing with acyl-labeled PCs carrying a slightly bulky BODIPY ω-linked to the acyl chain. From a broader biological perspective, a membrane region (e.g., microdomain) containing a higher density of packing voids toward the bilayer center also could serve as a localization site favored by certain peptides and proteins that need deeper embedding in membranes to function optimally. The unique properties of SM gel phase (compared to DPPC) appear to be well-suited for such a role despite the phase transition temperature of SM being above physiological temperature. Because of the important role played by SM in raft microdomain formation, we are currently using this new monolayer fluorescence platform to compare the accommodation of cholesterol by the condensed (gel) phases of SM and DPPC.

Conclusions {#sec4}
===========

In the present study, we have relied on the concentration-dependent emission changes of Me~4~-BODIPY-8-PC induced by monolayer lateral compression to evaluate nanoscale alterations in lipid packing and phase state of SM and PC with identical acyl chains. Slightly better mixing of Me~4~-BODIPY-8-PC with the fluid-like, liquid expanded phase of 1-palmitoyl-2-oleoyl-PC is observed compared to *N*-oleoyl-SM. Remarkably, in the gel-like, liquid condensed phase, Me~4~-BODIPY-8-PC mixes better with *N*-palmitoyl-SM than dipalmitoyl-PC, consistent with naturally abundant SMs with saturated acyl chains forming gel-like lipid phase(s) with enhanced ability to accommodate deeply embedded components compared to dipalmitoyl-PC gel phase. The findings reveal a fundamental difference in the lateral packing properties of SM and PC that occurs even when their acyl chains match.

Figures S1--S3. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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